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Abstract. In this paper, we develop two energy-efficient joint power
allocation (PA) and beamforming (BF) design schemes for a two-user
downlink millimeter-wave system with non-orthogonal multiple access
under imperfect channel state information. The optimization problem is
formulated by considering the maximum power and minimum rate con-
straints. Specifically, by means of block coordinate descent algorithm, the
problem is transformed into two sub-problems: PA problem and BF prob-
lem. First, we derive a closed-form optimal PA solution for each iteration
of concave-convex procedure so as to obtain a suboptimal PA scheme
for the fixed BF. With this PA scheme, two suboptimal BF schemes are
proposed based on successive convex approximation and one-dimensional
search method, respectively. Simulation results validate the rational of
two proposed schemes and show that the former scheme can achieve
higher energy efficiency while the latter has small performance loss but
lower complexity.

Keywords: Millimeter-wave - Non-orthogonal multiple access -
Imperfect channel state information - Energy efficiency + Power
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1 Introduction

With the rapid development of mobile communications, spectrum resource short-
age brings great challenges to existing technologies. Thus, a promising multiple
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access technique, non-orthogonal multiple access (NOMA) has been proposed.
NOMA adopts non-orthogonal transmission at the sender, actively introduces
interference information, and realizes correct demodulation at the receiver by
successive interference cancellation [1]. Besides, due to the large and available
bandwidth, millimeter-wave (mmWave) communication is expected to support
high data rates.

Therefore, in order to take advantage of both technologies, the studies about
the combination of mmWave and NOMA have received more attention [2-8]. In
[2] and [3], a joint beamforming (BF) and power allocation (PA) problem was
formulated to maximize the sum rate for uplink and downlink mmWave-NOMA
system respectively under perfect channel state information (CSI). Different from
the studies above that focused on the spectral efficiency, [4] explored the energy-
efficient PA problem for uplink mmWave-NOMA system, while [5] investigated
the similar problem for downlink system. [6] studied mmWave-NOMA uplink
systems and considered the fairness of the energy efficiency (EE) optimization
problem. Combining with the mmWave channel estimation, the authors firstly
used the analog BF scheme based on discrete Fourier transform codebook, and
then put forward to a two-loop iterative algorithm for joint PA and digital BF
design scheme of resource allocation. However, they didn’t consider about the
joint optimization problem since the analog BF vectors were selected by code-
books in the papers. In [7], a joint PA and BF scheme was developed so as to
maximize the EE for downlink mmWave-NOMA system. And in [8], the authors
proposed two beamwidth control methods and analyzed the energy-efficient digi-
tal precoder design by adopting a NOMA user scheduling algorithm for downlink
mmWave-NOMA system.

Most of the existing works assume the perfect CSI is available, however, it
can not be guaranteed in practice. Hence, we propose two schemes of joint PA
and BF design for maximizing EE with imperfect CSI in the downlink mmWave-
NOMA system. The main contributions in this paper are summarized as follows:

— With imperfect CSI, the EE maximization problem for two-user downlink
mmWave-NOMA is formulated. The original optimization problem, which is
difficult to solve directly, can be decomposed into two sub-problems. One is
the PA problem and the other is the BF design problem. Then an efficient
iterative algorithm via the block coordinate descent (BCD) method is devel-
oped.

— For the fixed BF, we address the PA problem by means of concave-convex
procedure (CCCP). Moreover, the closed-form optimal solution for each iter-
ation of CCCP is derived with the aid of Lambert W function. For the fixed
PA, we adopt successive convex approximation (SCA) to obtain a subop-
timal solution, and derive another low-complexity suboptimal solution by
one-dimensional (1D) search method. The simulation shows that the former
can achieve better EE performance, and the latter has better computational
efficiency.

Notations: (-)7 and (-)# stand for the transpose, conjugate transpose, respec-
tively. |-| and ||-|| are absolute value and value of two-norm, respectively. Vectors
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and matrices are respectively represented by boldface lower and upper case sym-
bols, Iy is an N x N identity matrix. CA (0, R) denotes the complex Gaussian
distribution with zero-mean and covariance matrix R.

2 System Model and Problem Formulation

2.1 System Model

Considering a two-user downlink mmWave-NOMA system similar to that in
[7], we assume that the base station (BS) is equipped with a radio frequency
(RF) chain and N-element antenna array to support two single-antenna users.
Each antenna branch of the BS has a phase shifter and a low-noise amplifier
(LNA). All LNAs have the same scaling factor, therefore, the N dimensional
BF vector w has constant-modulus (CM) elements, namely |[w], | = 1/vV/N,n =
1,2,..., N. The mmWave channel between the BS and i-th user (i = 1,2) with
perfect CSI can be modeled as h; = Zle Aiga(N,0;,), where L;, A;; and 6,
indicate the number of channel paths, complex gain and the angle of departure
(AoD) of the I-th path between the BS and User-i, respectively, and a (N, ) =
[eim0cosO gimlcost ej“(N’l)COSQ]T is the steering vector function [2-5,7]. In
view of the difficulty of obtaining perfect CSI, we consider imperfect CSI at the
BS. According to [9], the mmWave channel for the i-th user with imperfect CSI
can be expressed as

h; = h; + /1 - ph;, (1)

where h; denotes the estimated channel vector, p denotes the CSI accuracies
of the non-line-of-sight (NLOS) components, h; ~ CA (0,1y). Therefore, the
received signal of User-i can be expressed as

yi = flf{W\/pll'l + ﬁflwx/pgm

_ - (2)
+ /1= phfw./p121 + /1 — phfw,/pows + 1,

where x; is the transmission signal of User-¢, p; denotes the transmission power
and n; denotes the Gaussian white noise with CA (0, 0'2IN).

2.2 Problem Formulation

For the above system, we need to consider two cases of decoding orders:

Case-1: The signal of User-1 z; is decoded first by regarding the signal of
User-2 x5 as interference, then zs is decoded after removing x;. In this case, the
achievable rates of two users are given as

é1p2+q(p1+p2)+o?

1 é
RYY =log, (1+ 222

R =log, (14 sl ) 5
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. 2
where g =1 —p and ¢; = hin‘ ,4 = 1,2, in which the implicit assumption is

¢1 < éo.
Case-2: The signal of User-2 x5 is decoded first. In this case, the achievable
rates of two users are given as
(2) _ é1p
Ry = log, (1+ Q(P1+11021)+02)

) . 4)
(2) _ c (
Rs” =log, 1+Wp+p)+a>

Similarly, the implicit assumption is ¢ > ¢és.
Therefore, the EE optimization problem in both cases with imperfect CSI is
formulated as

() ()
) Ry + R;
max = Y
pipaw EE §(p1+p2) + Po
st. RY > i=1,2, 5)
D1 +p2 S Pmaxv
1
,n=12..N,

[w],,| = ﬁ
where 771(521)9 is the system EE in Case-j, 7; is the minimum rate of User-i, Pyax
is the maximum transmission power at the BS and & denotes the coefficient of
LNAs. Pg is the fixed circuit power consumption, which can be expressed as
PC = PBB + PRF + NPPS + NPLNA; in which PBB;PRF7PP5'7PLNA are the
power consumption of the baseband, the RF chain, the phase shifter and LNA,
respectively.

3 Joint PA and BF Design Schemes

This section presents two schemes of joint PA and BF design. Due to the limited
space, we only consider about the optimization problem in Case-2 under imper-
fect CSI, and that in Case-1 can be solved by using the similar algorithms. The
superscript (j) in n(EJ)E and REJ ) is omitted for the sake of discussion. Obviously,
due to the non-concave objective function as well as the coupled optimization
variables, the optimization problem (5) is difficult to solve directly. Therefore,
we introduce a new variable P = p; + po, so that ps can be replaced as P — p,
then (5) can be transformed into

tog; ((1+ 05 ) (1+ 2202

max NEE =

p1,Pw EP + Po
st. (P —p1) > o (éopr +qP +07),
ép1 = ¢1 (qP +07), (6)
0 < P < Phax,

N

)

1
n|7\/7N7 S R S
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where ¢; = 2" — 1,4 = 1,2. According to the first derivative of the objective
function in (6) with respect to p; and é; > éo, we can get Onggp/dp1 > 0, ie.,
neE is monotonically increasing with respect to p;. Thus, the optimal p; is its
upper bound, which can be obtained by the rate constraint of User-2:

égP — ¢)2 (qP + 02)
(f2 +1) ¢ .

With pj, p2 can be rewritten as P — p} and (6) can be reduced to the following
problem with respect to {P, w}:

*

by =

(7)

lo ((él62+q(¢>2+1)azf¢zélq)P+a2((¢2+1)ez7¢2el))
82 (@P+o?)e
max J =

pa P+ P
6P — ¢y (qP +0?)

st @ . > P +0%),
' (f2+1)é o1 (g ) 8)
0 g PS Pmax7
1
wl |= —~—,n=1,2,...N,
=
él 2627

We can observe from (8) that when one of P and w is fixed, the resultant
problem can be efficiently solved. Therefore, we adopt the BCD algorithm to
solve this optimization problem. In particular, we decompose the problem (8)
into PA problem and BF design problem, and then solve the PA problem for
given w, and solve the BF design problem for given P.

3.1 Solution of PA Problem
For any feasible w, the PA problem in (8) can be formulated as

max J
v 9)
s.t. Pmin < P < Pmaxa
¢1(d2+1)20%+¢1 0
Cré2—Cid2q—d1(P2+1)e2q’
User-1. Besides, the numerator of J can be rewritten as fi(P) — f2(P), where
f1(P) =log2((él+q(¢z+1)—él+f")P+az ((¢2+1)—¢§—§1)), f2(P) = logy (qP+U2).
Since f1(P) and f2(P) are convex, we can use CCCP to solve the difference
of convex problem. By adopting first-order Taylor expansion at the initial point
Py, f2(P) is linearized as
q
P) =1 Po+0*)+ ————5 (P—F).
f2(P) =logz (aPo + %) + 3 o p =5y (P = o) (10)
With (10), the optimization problem (9) for given Py can be transformed
into

where Py, = which is obtained by the rate constraint of

log,(aP +b) —cP —d
&P+ Po (11)
s.t. Pmin < P < Rna)n

max Ji =
P
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where
a = éx¢1 + (P2 + 1)é2 — Patiq
b=0%((¢2+ 1)é2 — ¢aé1)

. (12)

WPy To?)
d = log, ((qPo + 02) 62) - mpo

With the aid of Lambert W function W () [10], the solution of 8.J; /0P = 0
is expressed as

aPc
| @eC b
pP== < —-b|. (13)

a ooy
W <exp((df§c)m+1))

Then, the optimal solution of (12) is given by

P* = min {Pmax,max {Pmin,ﬁ}}

v 2P —¢a(qP"+0?)

. (14)
P1:W7P§:P**PT

Therefore, we calculate (14) iteratively by CCCP and obtain the converged
solution as a suboptimal solution of (9). The algorithm for PA is summarized as
Algorithm 1.

Algorithm 1. CCCP-based PA Algorithm

1: Initialize: tolerances €; > 0, the number of iterations ¢ = 0 and initial point P,

repeat

Update Py = P(@.

q=q+1.

Compute P@ p{? according to (14).
until ‘P(‘” - Po‘ <a

: Output: P = P(q),fﬁ :pﬁq),ﬁé =P —pi.

3.2 Solution of BF Design Problem
For a given P, the BF problem in (8) can be expressed as

. ‘ 2

. 2

max Jy(w) = ’h{{w’ P—¢y(qgP+0%) —
) b
dw

(15)

s.t.

. 2 . 2
hfw‘ < h{{w’ ,

1,2

1
w| |=—=,n=12,...,N.
Wl =
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Let H; = fl,leH ,i = 1,2, and introduce new auxiliary variables t1,ts, then
the BF problem can be relaxed to the following problem:

max {1
w,t1,t2
¢ 1< W Hiw
s.t. 2 e
=~ wHH,w — 2 "
t1+ P+o?)t
wWiH,w> ! b2 (qP + 0?) t
P
1
|[W]n| S —F, N = 1,2,...,N.

VN

In what follows, we adopt SCA method to address the problem (16). Accord-
ingly, we need to solve the following convex optimization problem at the [-th
iteration of SCA:

o,
s.t. 2Re {W(I)_IHQW} — wiHow > W}ZI;Ile
2Re {w{Hw} — wi'H;w > w/H,w, (17)
e (wilHyw) — wilHyw > 1702 (q]f LY

1
Wl € oo =12, N,

where wo = w(!=1) denotes the value of w at the (I — 1)-th iteration of SCA.
Hence, CVX tool is used to obtain a suboptimal solution w* of (15) [11]. To
satisfy the CM constraint, we make the CM normalization for each element of
w* as follows: w*]
w
w*], = ——"—,n=1,...,N. (18)
VN |[w*],|

As a result, we summarize the first joint design scheme in Algorithm 2.
Furthermore, due to the poor calculation efficiency of CVX, we propose another
scheme to address the BF design problem. When p1, ps is known, the BF problem
decomposed from the optimization problem (6) is reduced to

P P2 R P2 X
L = — ————o. 19
= (et~ a0 a9

Let oo = %, then £(w) can be rewritten as

R - B —
Cap1+qP+02) f=a

P

W) =pre

(1= B)é1 + Bés]. (20)
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Algorithm 2. Joint PA and BF Algorithm with SCA

Initialize: tolerances €2, €3 > 0, the number of iterations ¢t = 0, and {P(t),w(t)}.
repeat
t=1t+ 1.
Initialize the number of iterations { = 0 and initial point w® = w®.
repeat
l=1+1
Calculate the optimal solution w* by (17), (18).
Update w¥) = w*.

until Hw(l) — w1

< e

Update w® = w®.
Calculate P* by Algorithm 1.
Update P® = p*.
until me - W<t71)H + ‘P“) — PO Y| <y

Output: w* = w® P* = P® 5% 53

Since ¢; = wi fllfITH w,i = 1,2, without considering the constraint of minimum
rate, the BF problem can be formulated as

max Jy(w) =wh [\/(1 — A)hyhf + \/Bﬁgflﬁl} w

. 2 . 2
s.t. hfw‘ g‘hflw‘ , (21)

1
=—.,n=12_.N.

To achieve the maximum J;5(w), we first introduce the Lemma 1.

[[w]

Lemma 1. Given ay,as > 0, the following inequality holds
a1 [ba]® + az [baf* > |v/arby + Vagbs|* /2 (22)
Proof. Since a1,as > 0, we can get
|Varby = v/asbs|* > 0. (23)
Expanding (23), we can obtain
ay |br|” + as |bo)® > 2v/atazRe(bib3). (24)
Then we have
2 (a1 o1 + az [0al) = a1 ba] + az ool + 2y/arazRe(bib3)
= |Vaiby + v/azbs |’
Therefore the inequality (22) holds.
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By using the Lemma 1, the problem (21) can be transformed into
max Ja(w —‘\/1— hflw+fhzw‘

Azw‘ < ’B{IW’ ) (26)

s.t.

1
=—,n=12,..,N.

And a suboptimal solution can be obtained as

= \/%exp (jé {mfn + \/Ble}) . (27)

Due to a < + ———, we can obtain § belongs to [0,1]. Moreover, in order to find
the optimal solutlon B* corresponds to the maximum objective function of the
original problem under the given pi, p2, we use the 1D search method, namely

B* = arg 5m[ax] L(w). In particular, the BF scheme in [7] is a special case of this
€01

[[w]

proposed scheme when p = 1.
Based on the analysis above, the second suboptimal joint design scheme is
summarized as Algorithm 3.

Algorithm 3. Joint PA and BF Algorithm with 1D search

Initialize: tolerances es > 0, the number of iterations ¢ = 0, and {P(O),W(O)},
calculate p(o) pé()) by (14)
repeat
t=1t+ 1.
Calculate 8* = arg max L(w
B & max L(w)

Calculate w* with 8* by (22).

Update w = w*.

Calculate P*,p7, p5 by Algorithm 1.

Update P = P*,p{" = pi,p{” = p3.
until Hw(t) — w4 ‘p(t) — PNl <¢

Output: w* = w® P* = P® 5% ps.

3.3 Complexity Analysis

We can find that Algorithm 2 solves the problem Lq(Ls + Ls) times,
where Li, Lo, L3 denote the number of iterations of BCD, SCA and CCCP,
respectively. Besides, CVX is used to solve (17) and its complexity is
O (L2(2N +2)*®log(1/e)), where O(-) represents the big-O notation and
¢ is the solution accuracy [12]. Then the computational complexity is
O (L1 (L2(2N +2)3®log(1/e) + L3)). By contrast, the complexity of Algo-
rithm 3 is O (L1(L4 + L3)), where Ly depends on the step size of the 1D search
method. Obviously, Algorithm 2 is more complicated than Algorithm 3.
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4 Simulation Results

In this section, the performance for the mmWave-NOMA system with imper-
fect CSI is evaluated by computer simulation. For the simulation setup, it is
assumed that the channel condition of User-1 is better than that of User-2. For
the mmWave channel, we set L; = 4,7 = 1,2, and the first channel path is line-
of-sight path, where [A1 1] = 1, [A2,1] = 0.3, cos(61,1) = —0.25, cos(f2,1) = 04
and the rest are NLOS paths, where \; ;(I = 2,3,4) € CA/(0,1075/1%) and AoDs
are uniformly distributed over [0,27]. The tolerances are €1 = €3 = €3 = 1072,
Other parameters are set as r; = ro = r = 1bit/s/Hz, N = 32, Pgp = 200mW,
PRF = 16011’1\7\77 Pps = 2OIHW, PLNA = 40H1W, g = 1/038, 0'2 = 1mW [7],
where the computer used is equipped with Intel Core i5-6300HQ 2.30 GHz and
4 G RAM.

¢
¢
l{;

—o—Proposed scheme 1
—a— —&— Proposed scheme 2

S —=— Scheme 3

3.06 =i
3.05

3.04 p=09

0.21 022
4 N £

2.26
2.24
2.22 4

=0.7
356 036 0364 " |
N\ <

EE [bit/Joule/Hz|

(0]

0.4 0.5 0.6 0.7 0.8 0.9 1
Pmax [W}

Fig. 1. Effect of imperfect CSI on the system EE under different schemes.

Figure 1 shows the system EE with different joint design schemes, including
the BF design of “Proposed scheme 1”7 based on SCA and that of “Proposed
scheme 2” based on 1D search method and “Scheme 3” that searches for the
phase 0, (n = 1,..,N) of the n-th entry of w over [0, 27] corresponds to maxi-
mum J3(w), where w = ﬁ [ej‘;o, e ej‘SN]. Moreover, “Scheme 3”7 uses N times
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1D search which improves accuracy at the cost of efficiency. Obviously, the per-
formance of both schemes is close to that of “Scheme 3”, and “Proposed scheme
1”7 outperforms “Proposed scheme 2”, while “Scheme 3” costs the most run time,
followed by “Proposed scheme 1”7, and “Proposed scheme 2” has the lowest com-
plexity. Specially, the average run time of three schemes when p = 0.9 is 5.1801
s, 0.4404 s and 17.2136 s, respectively and the result shows “Scheme 3” has the
highest complexity because it requires N times 1D search method, and com-
plexity of “Proposed scheme 1”7 is much more than that of “Proposed scheme
2” because CVX has poor computational efficiency, which results in longer run
time. Besides, Fig. 1 presents the impact of imperfect CSI on the system EE,
where p € {1,0.9,0.7}. As can be observed, the system EE decreases along with
the decrease of p, which concludes that the accuracy of channel estimation affects
the EE significantly. This is because the channel estimation error results in the
increase of interference when decoding the user’s signals.

4 T T T T T T T T T
©) >
35 gﬁ N\3645 1
e S
3.64
3 |- -
— 3.635 ;
= 0.21542 0.21548
L 25 4
=
<
2
~
=
L 27 o 5 5 .
m
€3
151 1
—6— Designed BF 1
10 —6— Designed BF 2 1
FRAB
—=— MRT BF
05 1 1 1 1 1 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Rnax [W]

Fig. 2. EE performance of the mmWave-NOMA system under different BF schemes.

Figure 2 evaluates the EE performance with our proposed schemes and the
finite resolution analog beamforming (FRAB) in [13], and maximal-ratio trans-
mit (MRT) BF when p = 0.95, » = 0.1 bit/s/Hz, where “Designed BF 1” refers to
SCA-based BF design, “Designed BF 2” refers to BF design based on 1D search,
“FRAB” and “MRT BF” solve the PA problem under given BF. From Fig. 2,
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the proposed schemes have better performance than the other two schemes, since
the BF vectors of “FRAB” scheme and “MRT BF” scheme are independent and
not optimized with PA jointly, which verifies the effectiveness of two proposed
schemes.

3.6 T T

—o— Proposed scheme 1
—&— Proposed scheme 2

3.4

EE [bit/Joule/Hz]
o <

N
=3

2.6

24 ; ' '
0.5 1 1.5 2 25

Minimum rate r [bit/s/Hz]

Fig. 3. EE comparison under different rate constraints.

Figure3 plots the EE versus rate constraints with two schemes when p €
{0.95,0.9} and Pn.x = 1 W. As shown in Fig. 3, the system EE declines with
the minimum rates. And the higher the minimum rate, the more EE is reduced.
This is because “Proposed scheme 27 is formulated without considering the rate
constraint. The higher the minimum rate is, the more performance loss it will
bring. Besides, the gap between two schemes is bigger with the increase of min-
imum rate, since the rate constraint has more effect on “Proposed scheme 2”.

5 Conclusion

This paper studies on the energy-efficient joint PA and BF design problem for
downlink mmWave-NOMA system under imperfect CSI. The basic idea is to
decompose the optimization problem into the PA problem and BF design prob-
lem, and then solve them in succession by BCD. Specifically, for the PA problem,
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we derive the closed-form solution of CCCP by Lambert W function. For the
BF design problem, we obtain a suboptimal solution by SCA and also derive
a suboptimal beamforming utilizing the 1D search method. In the simulation,
we analyze the effect of estimation error and rate constraints on the EE, respec-
tively. The results prove the effectiveness of two proposed schemes. Moreover, the
suboptimal scheme utilizing 1D search method can implement EE performance
closing to that based on SCA and has better computational efficiency.
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